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Abstract—Conventional concentric tube robots (CTRs) have
low dexterity at the tip, which does not fit the requirements
of complicated operations in minimally invasive surgery. A
2mm diameter cable-driven micro end effector is designed and
fabricated for CTRs to increase dexterity in confined spaces. The
end-effector is made by a simple fabrication procedure and is a
combination of readily available materials such as polyolefin tube,
acrylic and steel strings. If mass produced, the end effector has
the potential to be made into a single use disposable medical tool.
This paper discusses the geometric design, fabrication process and
force analysis of the end effector. Experiments are conducted on
the prototype to validate the derivation. In addition, cases are
discussed around the use of the end effector.
I. INTRODUCTION
Minimally invasive surgery (MIS) is a growing trend that
has been adopted rapidly by surgeons since its first successful
use in 1983 [1]. Compared with traditional open surgery,
MIS outperforms in terms of less trauma, fewer complications
and faster recovery. In order to successfully perform MIS,
delicate instruments that are minimized in scale and yet able to
dexterously operate are essential. In addition, robotised instru-
ments that can assist surgeons with precision in complicated
operations are increasingly adopted in MIS [2].
Flexible robotised instruments are favourable for MIS as
they are compact and dexterous. To date, two prevalent
mechanisms have been applied to such kind of instruments:
concentric tube robots (CTRs) [3]–[6] and cable-driven robots
(CDRs) [7]–[9]. CTRs are a set of pre-curved tubes that are
concentrically nested one by one and can be rotated and
translated independently, resulting in shape changes in 3D
space. CDRs, however, consist of backbones, vertebra and
cables to generate 3D bending. Generally, CTRs are smaller in
size compared with CDRs but lack dexterity at the distal tip.
Whereas, CDRs are more dexterous at the tip but are not easy
to scale down. On average, CTRs are five to six times smaller
than CDRs in size.
In this research, we investigate the possibility of adding
a dexterous end effector to CTRs. Having a controllable end
effector on a CTR is a platform technology that will enable the
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Fig. 1. A photograph of the prototyped micro end effector for concentric
tube robots. The diameter of the end effector is 2 mm.
robot to do more complicated operations in broader surgical
applications, such as tumour resection in transnasal surgery
[10], transoral procedures [11], arthroscopy, et al.
There are many studies and devices made in the past to
achieve wrist-like movements. The use of cables and pulleys
[12], chain of serial segments [13], [14], and universal joints
[15] are a few of many ideas that have been approached.
However, most of these designs are difficult to be scaled
down to suit the size of a typical CTR, whose inner diameter
is around 2 mm. Recently, a design using asymmetrical cut
outs [16] has been proposed as a wrist for CTRs. By cutting
rectangular slots along a 1.16 mm Ni-Ti tube, the wrist is
able to bend under pulling force of a cable that is soldered to
the tip. Simple and effective as it is, the design has following
drawbacks: 1) the remaining connecting parts of the tube after
cut-out are very thin that they are easy to break, 2) an axial
rotation is required to achieve all bending directions, and 3)
the wrist cannot exert pushing force to tissue because only one
cable is used.
In this paper, we present a cable-driven end effector that
is downscaled to 2 mm for mounting to CTRs and overcomes
the previous drawbacks (see Fig. 1). The design uses serial
chain of segments to avoid the restriction of single bending
axis. Moreover, instead of one, three cables are used to control
which are separated by 120 degrees apart. This helps the end
effector to bend in all directions and enables to adjust the
stiffness of the end effector as a pushing force is applied.
Usually, shrinking down the scale of a device will increase
the manufacturing cost of the product. In this design, however,
we try to minimize the cost by using widely accessible,
mechanically reliable and cost-effective materials and manu-
facturing processes. Reducing the cost of our device makes
it disposable and affordable. There is a rising demand of
disposable surgical instrument over the years as it prevents
the chances of infection to be transmitted from one patient to
another [17]. Specially, for the manipulators with a purpose
of entering internal organs of the patients, it is extremely
important to make low cost disposable end effector.
In the rest of this paper, we will present the design and
fabrication details of our prototype. In addition, a preliminary
analysis of mechanics will be conducted, followed by exper-
iments to validate the derivation. A discussion on improving
the device will be provided at the end.
II. DESIGN AND FABRICATION
Many cable-driven flexible manipulators have been devel-
oped in the past [7]–[9], but so far few have tried to scale down
to a size of 2 mm or less. The novelties associated with our
end effector are, its size, fabrication process and the total cost.
Although being such a small device, it is versatile enough in
complimenting different kind of tools used in MIS surgeries
ranging from a camera to invading equipments such as blades
and grippers.
In order to enable the use of such a device to MIS
procedures, we set following specifications of the end effector,
which are:
• the device should be approximately 2 mm in diameter or
less
• should bend at least 90 degrees
• should bend in all directions without axial rotation
• should have the ability to exert both pushing and pulling
forces
• should be cheap enough to be disposable.
Fabrication of such a small device with such functionality
usually requires expensive manufacturing processes and/or a
lot of precision based special techniques. In our design, we
try to simplify the process and use widely accessible materials.
The method presented below can be easily adopted in academic
researches and applied to mass production.
The fabrication of this device uses 4 accessible materials
listed below with approximate dimension used for our final
prototype.
• acrylic, 3 mm sheet
• clear heat shrink (polyolefin tube) tube with an internal
diameter of 1.5 mm
• stainless tube of 1.7 mm outer diameter
• stainless string with a diameter of 0.2 mm
Initially, acrylic segments are cut out from the 3 mm sheet
using a laser cutting machine. In our design we used 20 of
these segments. The design of the segment is made such that,
three steel strings (tendons) are separated by 120 degrees apart,
leaving enough room (0.9 mm in diameter (Fig. 2) at the centre
Fig. 2. The acrylic segments of the end effector. The measurements are in
mm. (a) Computer aided design. (b) Acrylic segments after laser cut.
Fig. 3. The top segment of the end effector where the tool is mounted and
the wires are hooked into the corner of each horizontal holes.
for the functional wiring of the tool placed at the top of the end
effector. The 3 mm sheet is chosen based on assigning a good
balance between mechanical stability and flexibility compared
to 2 mm and 4 mm options. We note that the 2 mm sheet
was quite unstable and easily breakable, whereas the 4 mm
sheet would decrease the flexibility. The maximum diameter
of the acrylic segment for the prototype is 1.7 mm. Other than
acrylic we also tried different materials from copper board to
MDF but results were inferiors than that from acrylic. The
final outcome of laser cutting of the segments was precise.
The reason for choosing a heat shrink tube is due to its
desired elasticity and compressibility. Since it is elastic, having
all other components slightly bigger in size will result in a good
fit. Moreover, shrinking ability when heat is applied, avoids
the inconvenience of perfectly gluing components together.
Transparent colour is chosen so that it is easy to visually align
the strings and the acrylic segments together. The top section
where the tool is mounted is a cut out of a stainless steel tube.
The desired length was achieved by using a DIY rotatory tool.
Three horizontal 0.4 mm (width) holes are cut on the side of
the tube for mounting cables. The horizontal holes are at 120
degrees apart, each at a slightly different height so it would
not cross over (Fig. 3).
Finally, we assembled all the parts together. First a single
acrylic segment is inserted into the heat shrink tube. Then each
wire is passed through respective pockets. After the wires are
separated, more segments are slotted aligning with the three
wires. Once this is done the top section with the tendons fixed
is inserted into the tube. The little bend portion of the tendons
outside the stainless tube is fed inside the polyolefin tube.
Then a concentric tube is fitted beneath the segments. To avoid
buckling of the tendons a slight gap is created between the
Fig. 4. Assembly sequence of the prototype. (a) First step: where few
segments are used to align the wire in side the heat shrink tube(HST). (b)
Second step: desired number of segments are inserted. (c) Third step: The
top segment with wire hooked is inserted to the HST and the wire is shrunk
applying heat. (d) Fourth step: the concentric tube is inserted at the bottom
of the HST.
Fig. 5. Mechanisms of the end effector.
bottom segment and concentric tube. Finally, each segment
is bent in all directions. This is done to create a micro gap
between segments. Once everything is aligned, slight heat is
applied to shrink the whole tube. Illustrations of the assembly
process are shown in Fig. 4.
III. FORCES ANALYSIS
A cable driven flexible mechanism works using a chain of
segments with a certain gap between each of them that are held
together by a centre body. The tendons are attached only to the
top section and are aligned parallel to the vertical height of the
cylinder in different directions. Our design works on a similar
principle; however, instead of having a centre wire to hold the
segments, we have the flexible polyolefin tube. Fig. 5 shows a
2D representation of our end effector’s mechanism. Like the
other manipulators, when a tendon is pulled, the segments bend
towards the loaded tendon’s direction. This happens as a result
of the segments’ gaps close to the loaded tendon compress
(Fig. 5). It can be said that more gap between the segments
is beneficial but having large gap may cause the tendons and
the tube to buckle. Alternatively, we can always increase the
number of segment to create more bending effect.
The end effector runs using three tendons, which are placed
at equidistant. This means that the force analysis of pulling one
tendon will be the same to the remaining ones. Pulling a tendon
Fig. 6. Free body diagram of the end effector at equilibrium when tension
is applied to a tendon.
creates a curve. This curve is an arc of an arbitrary center with
a certain radius. Considering this design to be continuum when
all the disturbances are neglected, it is presumed to go under a
constant curvature deformation when a tendon force is applied
[18]. In the paper [8], a continuum manipulator is compared to
a cantilever beam when similar force is applied to the beam.
The beam goes through infinite tiny compression at one side
and tension in the other. Similarly, our design can also be
compared to a cantilever beam, as the outer tube show similar
deformation when tension is applied. The major difference
with a cantilever beam and a tube in this case, is the spring
constant (K). The tube has significant low K compared to the
beam which means larger force is required to bend a beam
than a polyolefin tube that is stuffed with acrylic segments.
To analyse the forces as a result of pulling a tendon, it is
best suited to look at its bent equilibrium state as show in Fig.
6. Here, the e axis is the reference Euler axis as well as the
pivot point of the end effector, a is the FrenetSerret frame that
runs along the central curve. T is the pulling force applied
to the tendon and θ is any angle over the arc. In Fig. 6, θ is
chosen to be the angle from Euler axis to a point where force
Fs is acting. Therefore, can be determined as
θ =
S
R
(1)
S and R are the arc length and radius of any curve. Assuming
the arc shows a similar characteristic as an arc of a circle,
curvature can be determined by
κ =
dθ
ds
. (2)
Assuming that all the curves are running parallel to each
other or has a same center of radius, the formula of curvature
that works for all curves can be written as
κ =
1
r + x
(3)
where r is the radius of the center curve and x is the distance
from the central curve to any curve in ax direction. Let, κc be
the curvature of the compressed arc. Therefore, κc is given by
κc =
1
r − d . (4)
The force acting on the tendons are the tension force, the
reaction force at the distal tip and the total transverse force
along the a frame. Given that w(s) acts completely in the
transverse direction and is distributed along the tendon arc,
w(s) can be described by
w(s) =
dFp
ds
= Tκc (5)
where, Fp is the force at a point along the tendon arc at angle
and can be found to be
dFp = Tdθ. (6)
The above equations (5) and (6) are calculated assuming
there is a negligible frictional and gravitational force.
Now, the transverse force of the tendon has been deter-
mined, the integral of the force over the arc length will give
the total force (Fs) acting on the arc, but before calculating Fs
it is important to transfer transverse force to the reference e
frame. This can be done by using Euler rotation from the pivot
point to any point along a frame. The Euler rotation matrix is
Re =
[
cos θ − sin θ
sin θ cos θ
]
. (7)
The Euler rotation of w(s) is
ws = Re
[−Tκ
0
]
= −Tκ
[
cos θ
sin θ
]
. (8)
Let φ be the angle made by the total arc length. Therefore,
the total force acting on the tendon is given by
Fs =
∫ φ
0
wsds =
∫ φ
0
−T
[
cos θ
sin θ
]
κc
ds
=
∫ φ
0
−T
[
cos θ
sin θ
]
dθ = T
[ − sinφ
cosφ− 1
]
.
(9)
For the system to be in an equilibrium, all the forces should
sum up to zero. There are total of three forces acting on the
tendon as mentioned earlier, i.e. the force of tension (Ft),
reaction force (Fr) which acts at the pivot point and the
transverse force (Fs). Therefore, Fr can be found by using
equilibrium equation:
∑
F = Ft + Fr + Fs = 0 (10)
Fr = T
[ − sinφ
cosφ− 1
]
−Re
[
0
−T
]
=
[
0
T
]
(11)
To find the reaction moment, we need to determine the
distance of the forces Fr and Fs from the reference frame.
Assuming that the transverse force Fs is all concentrated at θ2
(Fig. 7). The distance of each forces from the turning point is
given by
rs =
[
−d− sin2 φκc
sinφ cosφ
κc
]
(12)
Fig. 7. Free body diagram for calculation of bending moment.
Fig. 8. Result of elastic deformation of the tube at one side. (a) Change in
plane from no load to load condition. (b) the force distribution at ex direction.
rt =
[
−d− 2 sin2 φκc
2 sinφ cosφ
κc
]
(13)
Hence, the reaction moment(Mr) is found to be∑
M = Ftrt +Mr + Fsrs = 0 (14)
Mr = −Td (15)
The flexure behaviours of the end effector can be best
studied by analysing the reaction moment. This is roughly the
point where the shear bending of the tube occurs. The angle
of cross section plane changes at e frame from no load to load
condition as shown in Fig. 8.
From (14) and (15), it can be seen that the reaction bending
moment is directly related to tension applied to the strings.
Using Euler-Bernoulli beam theory, a relationship between
curvature and the moment can be deduced by
M = κEI (16)
where M is the moment, κ is the curvature of the central
arc, I is the second moment of inertia and E is the elastic
modulus. Therefore, using (14) - (16) direction relationship
between curvature and the tension can be achieved as
κ =
−dT
EI
. (17)
IV. SIMULATION AND RESULTS
A. Preparation
This section predicts the behaviour of the end effector when
a pulling force is applied to a tendon. Using equation (17)
together with the material properties of the tube, a few sim-
ulations are obtained from MATLAB. This is then compared
with the real testing of the tube. Assuming there is negligible
frictional, gravitational and string’s bending force, equation
(17) should precisely match the real loading outcomes. To
conduct a simulation a few parameters should be known. These
parameters are the Elastic modulus (E), second moment of
inertia (I) and distance between the centre arc and the tendon
(d). The Elastic modulus of the tube is found using the tensile
experiment. Tensile experiment was conducted assuming there
will be similar magnitude for the compression if the force
applied is within Hook’s Limit. In this experiment, primarily
we measured the original length then applied the load and
finally measured the change in length. Using the data obtained
and (18), the magnitude was found to be 458 N/mm2.
E =
FL
A∆L
(18)
where F is the force applied, L is the original length, A is
the cross sectional area and ∆L is the change in length. Using
vernier calliper, we measured the internal and external diameter
of the tube and the cross sectional area to be 0.43 mm2.
We also measured the external diameter of the tube and
diameter of the centre hole of the acrylic segment which were
2 mm and 0.9 mm respectively. d in Fig.6 is 1 mm, since it is
half the lengths of external diameter of the tube. The Inertia
of second moment was found to be 0.753 mm4 using (19).
I =
pi
4
(r41 − r42) (19)
B. Experiments and Results
1) When the end effector is fully extended (No external
load). Tension Vs Curvature: Total of 5 different loads (2, 4,
8, 12, 13 N) were used to determine the relationship between
the curvature and the tension. The experiments were repeated
three times. The maximum bending curvature of 0.036/mm
was achieved using 13 N force. Therefore, with the bendable
length is 81 mm when fully extended, the maximum bending
angle was found to be 2.835 radians.
From Fig. 9 it can be seen there is a linear relation between
the two entities. The data acquired from a real experiment
quite match the simulated result. However, the experimental
result can be made more precise by repeating the experiments
numerous times with wider range of loadings.
2) When the end effector has to go through variable
bending length. Exposed length Vs Bending angle: This end
effector passes through concentric tube (Fig. 10). As per
requirements, the concentric tube robot changes the exposed
length of the end effector. This affects the bending angle of the
Fig. 9. Graph showing a relationship between the Tension (in Newton) and
Curvature and comparison between simulated and experimental values.
Fig. 10. Relationship between bendable length (exposed length) and max-
imum curvature. (a) Visualization of exposed length of end effector in a
concentric tube. (b) Graph of exposed length (in mm) vs maximum angle
(in degree).
device as the bendable length and bending angle are directly
related.
Fig. 10 provides the simulated result of the bendable length
and its maximum bending angle for that length. For e.g. at
length=50.02 mm the end effector cannot produce more than
84.41 degrees without going through permanent deformation.
3) External load: Fig. 11 shows that a load is being held by
a gripper and is bent in different direction. The demonstrations
prove that our design is capable of exerting considerable forces
(such as picking up a five cents coin). Understanding the
different external load scenarios on the end effector will help to
predict the performance of the device in real surgical situation.
4) Mechanical failure - No external load condition: The
first mechanical failure that will occur when excessive amount
of tendon force is applied is at the pivot point. There is only
Fig. 11. Bending in different direction with load(5 cents) grabbed by the
gripper at the distal tip of the end effector.
Fig. 12. Failure test of the first prototype indicating the buckling point.
limited compression that the end effector can withstand before
going trough a deformation. Once the maximum compres-
sion/curvature is reached by the device, it starts to buckle at
the pivot and loses its material property slowly. According to
the test it is suggested no more than 20 N of force to be
applied on the device at no load condition. However, when
the external force is applied opposite to the bending direction
when tension is applied, the force may exceed 20 N, as in this
case the device would not have reached its maximum curvature
or compression. The study of mechanical failure when external
load is applied can only be carried out once the knowledge is
attained about the behaviours of the device when external load
is applied.
In Fig. 12 we can see the wear occurred in the device, which
is obtained after excessive rigorous testing. The device will
still be functional, but will lose its predictability of curvature
when certain force is applied. If 20 N or more force is applied
we can notice a small wear. The device become completely
function-less when 52 N is applied, as this is the maximum
tensile strength that the tendons can withstand. A maximum
test conducted on the device was 30 N. This seems to have
caused a significant wear in the device, but still functional with
slight adjustment.
To conclude, the device should be used under the maximum
force that it can withstand in order not to buckle/wear. Exper-
iments are to be conducted on the device to determine the
concert physical failure on the device, specially when external
load is applied.
V. CONCLUSION
We proposed an idea of designing a snake like manip-
ulator for a concentric tube robot. This design idea has
been successfully prototyped and validated mathematically
and experimentally. The results of experimental data on the
prototype are convincing to prove that a correct force analysis
has been derived. The 2 mm prototype is capable of bending
in all directions using three tendons equidistant apart. It is
fabricated using very low cost materials and manufacturing
processes making it capable of being a disposable unit. We
believe that there is a variety of clinical application for our
end effector, especially those related to dexterity driven task.
However, further work is required before this design can be
tested clinically. The analysis of the end effector when different
types of external load is applied is the key to understand real
surgical scenarios.
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